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Thermal expansion of LaFeAsO: Evidence for high-temperature fluctuations 
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We present measurements of the thermal expansion coefficient a of polycrystalline LaFeAsO i_ a; F^; 
{x < 0.1). The magnetic and structural transitions of the samples with x < 0.04 give rise to 
large anomalies in a{T), while the onset of superconductivity in the crystals with x > 0.05 is 
not resolved. Above the structural transition, the thermal expansion coefficient of LaFeAsO is 
significantly enhanced. This is attributed to fluctuations, which also affect the electrical transport 
properties of the compound. The complete absence of these fluctuations in the superconducting 
samples even for x — 0.05 is taken as evidence for an abrupt first-order type of suppression of the 
structural and magnetic transitions upon F doping. 

PACS numbers: 65.40.De,74.25.Bt,75.30.Fv 



I. INTRODUCTION 



The family of layered FeAs-materials has been ex- 
tensively studied since the discovery of superconduc- 
tivity with transition temperatures Tq up to 28 K in 
LaFeAsOi_a;Fa;.— In the meantime, Tq has been increased 
to above 50 K^i^iii^i^ by replacing La with other rare 
earths. Superconductivity has also been found in several 
related materials, such as Bai_a:Ka;Fe2As2r LiFeAs^i^ 
or FeScjiS, Interestingly, the evolution of superconductiv- 
ity in LaFeAsOi_a;Fa; seems to be related to the suppres- 
sion of a magnetically ordered orthorhombic phase, which 
has been found in the undoped parent compound i^^iS, In 
LaFeAsO, long range magnetic order probably of a spin 
density wave (SDW) type evolves below 137 K^Hiii while 
an orthorhombic distortion of the tetragonal high tem- 
perature phase has been observed at 156 K. The SDW 
ground state has also been estabhshed for isostructural 
Rare Earth (R) based ROi_xFxFeAs)^ and even in the 
parent materials of other iron-pnictide superconductors 
such as Bai_xKxFc2As2 with a different crystal struc- 
ture but similar Fe2As2 layers f^i^^iii However, while the 
structural and magnetic phase transitions are separated 
by about 20 K in the RFeAsO systems, they coincide for 
compounds of AFe2As2 type. 

In this paper, we investigate polycrystalline 
LaFeAsOi-ajFa, {x < 0.1) by means of thermal ex- 
pansion measurements which sensitively probe the 
volume changes of the material. Large anomalies of the 
coefficient of linear thermal expansion a are found at 
the structural and magnetic transitions of the samples 
with X < 0.04. For comparison we studied super- 
conducting LaFcAs0i_2;Fa; with x = 0.05,0.1, which 
exhibits neither the structural nor the magnetic phase 
transition. Interestingly, strong differences between the 
a{T) curves for the magnetic and the superconducting 
samples extend to temperatures well above the struc- 
tural transition. We analyze these findings in view of 
our specific heat. X-ray diffraction and resistivity data. 



Our data provide clear evidence for strong fluctuations 
in LaFeAsOi_a;Fa; {x < 0.04) over a large T range 
above the structural transition temperature Ts- By 
contrast, no indication of fluctuations is found in the 
superconducting samples. We discuss the implications 
for the phase diagram of LaFeAs0i_2,Fi:, particularly 
at the crossover from a magnetic to a superconducting 
ground state. 



II. EXPERIMENTAL METHODS 

The preparation and characterization of our polycrys- 
talline samples has been described in detail in Ref. llSl . 
For the thermal expansion measurement a three-terminal 
capacitance dilatomctcr was utilized, which allows an ac- 
curate study of crystal length changes. To be specific, 
we measured the macroscopic length L{T) of the samples 
and calculated the coefficient of linear thermal expansion 
a = 1/L ■ dL/dT, which is the first temperature deriva- 
tive of L(T). The specific heat was studied in a Quantum 
Design PPMS by means of a relaxation technique. Elec- 
trical resistivity measurements were performed using a 
standard four-probe technique. 



III. RESULTS 

Figure [1] shows the linear thermal expansion coefficient 
a of LaFeAsO between 5 K and 300 K. In the whole in- 
vestigated temperature range, a is found to be positive. 
This is in agreement with X-ray diffraction (XRD) data, 
which revealed a monotonically increasing lattice volume 
Vuc upon heatingJ^ For our polycrystalline samples the 
volume expansion coefficient /3 is given as (3 = 3a. Tak- 
ing the volume at 300 K as an initial value we calculated 
the temperature dependence Vuc(T), which agrees with 
the unit-cell volume determined from XRD data pub- 
lished inUl (cf. inset of Fig. Hi). Below 30 K a smaU 
plateau is seen in our a{T) data, which is also present for 
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FIG. 1: Temperature dependence of the coefficient of linear 
tliermal expansion, a(T), of LaFeAsO in comparison to the 
specific heat, Cp(T), of this compound. Two subsequent phase 
transitions are found in both quantities at similar temper- 
atures, as indicated by the vertical lines. In addition, the 
specific heat contribution arising from the phase transitions, 
Ctrans, is showu ou a larger y scale. 



the F-dopcd samples discussed below. The origin of this 
structure is unclear. However, it does not affect the dis- 
cussion of our data, which focusses on the temperature 
region above 100 K. 

In Fig.[l] Q!(r) of LaOFeAs is shown in comparison to 
specific heat data Cp{T). Below 120 K and above 200 K, 
a roughly tracks the temperature dependence of Cp, indi- 
cating an only weakly T-dependent Griineisen ratio a/cp. 
This observation implies a single energy scale in this tem- 
perature range and agrees to the assumption that mainly 
phonon degrees of freedom are relevant. Around 150 K 
both quantities exhibit anomalous contributions, which 
do not obey a Griineisen scaling. The thermal expan- 
sion coefficient exhibits two huge anomalies with oppo- 
site sign, while the specific heat evolves rather smoothly 
with a small additional contribution, as will be discussed 
below. The anomalies in a(T) can be attributed to the 
structural and SDW transitions of the compound. The 
transition temperatures determined from the positions of 
the extrema are 137 K and 157 K, respectively. These 
values are close to those found in many other properties 
on the same samples, such as XRD, resistivity, magnetic 
susceptibilityfi^ /xSR, and Mossbauer spectroscopy j^^i^^ 
Both transitions are also visible in the specific heat data, 
which signals anomalous entropy changes in this tem- 
perature regime. The anomalous specific heat Ctrans can 
be determined by subtracting the phononic and elec- 
tronic background estimated from a polynomial approx- 
imation of the data well above (T > 170 K) and below 
(T < 120 K) the transitions^^ The result of such a pro- 
cedure is shown in Fig. [1] on an enhanced scale, where 
the two anomalies at Tn and Ts, respectively, are clearly 
visible. 

The SDW formation at Tn = 137 K generates a nega- 



tive anomaly in the thermal expansion coefRcient. For a 
second order phase transition, the slope dT^/dp can be 
determined from the jump height at Tn in the specific 
heat Acp and the volume thermal expansion coefficient 
A/3 = 3Aa using the Ehrenfest relation 



9Tn 
dp 



(1) 



with the molar volume Knoi- However, for the given 
compound a determination of Acp and Aa is not pos- 
sible with satisfactory accuracy, due to the proximity 
of the structural and SDW transitions. Nevertheless, 
according to Equation [1] the negative anomaly in a{T) 
at Tn qualitatively clearly implies a negative hydro- 
static pressure dependence of Tn. This finding is in 
line with resistivity investigations on LaFeAsO showing 
a lowering of Tn under pressure with an initial slope of 
dTN/dp|p=o w -1.5 K/kbar,20 

Contrary to the magnetic ordering, the structural tran- 
sition at Tg = 157 K gives rise to a positive anomaly in 
a{T). This anomaly is very broad, extending to tem- 
peratures far above Tg. Extrinsic effects, in particular 
those originating from grain boundaries, cannot cause 
this broadening. The grain size of our polycrystalline 
material has been determined from electron microscopy 
to be some tens of micrometer This renders a major 
contribution from grain boundaries to the thermal ex- 
pansion coefficient as observed occasionally in nanocrys- 
talline material^! unlikely. Moreover, while the grain size 
is rather unaffected by F-doping the width of the anomaly 
at Ts changes systematically upon substitution of O by 
F, as shown below, which also confirms the intrinsic na- 
ture of the broadening. By contrast, the corresponding 
anomaly in Cp is sharp, which excludes also the possibil- 
ity of a smeared transition, e.g. due to sample inhomo- 
geneities, as origin of the broadening. A sharp anomaly 
is likewise visible in our previously published d{xT)/dT 
dataf^ Specific heat, magnetization, and XRD data in- 
dicate a second order phase transition at Tg. Therefore, 
one expects a jump in the thermal expansion coefficient 
at the phase transition. From our data it is however not 
possible to determine the anomalous volume changes at 
the transition itself so that an analysis even of the sign 
of the pressure dependence dTg/dp is hardly possible. 

In order to understand the behavior of a{T) of 
LaFeAsO above Tg we studied the linear thermal 
expansion coefficient of LaFeAsOi-ajF^: with nominal 
X = 0.02,0.04,0.05,0.1. Upon fluorine substitution for 
X < 0.04 the structural and magnetic phase transitions 
are only weakly affected, i.e. they are slightly shifted to 
lower temperatures. At higher F content x > 0.05 both 
transitions are completely suppressed, and a supercon- 
ducting ground state is foundii^ Thus, F doping strongly 
affects the electronic properties of the series, especially at 
low temperatures, as well as the structural properties be- 
low Tg. By contrast, the properties of the atomic lattice 
above Tg, such as the phonon spectrum, are expected to 
be relatively insensitive to the fluorine content. Figure [2] 



3 




T{K) 

FIG. 2: CoefRcient of linear thermal expansion, a, vs. tem- 
perature, T, of LaFeAsOi-xFa: for different fluorine content 
X. For clarity, not all investigated samples are shown. The 
inset compares the temperature dependence of the unit-cell 
volume, Vuc(T'), for a; = obtained from XRD^^ to the one 
calculated from a using the XRD value at 300 K as initial 
value. The orthorhombic unit cell is used in the whole T 
range. 



compares the coefBcient of linear thermal expansion of 
LaFeAsOi-ajFa: for different F content x 0,0.05,0.1. 
An enhanced view of the T region between 80 K and 
220 K for all investigated F concentrations is shown in 
Fig. [3^. Upon F doping with x < 0.04, the anomalies 
arising from the magnetic and structural transitions are 
shifted to lower temperatures, as expected from the low- 
ering of Ts and Tn. For x > 0.05 these transitions are 
suppressed. At high (T > 210 K) and low (T < 70 K) 
temperatures, a is almost independent of the composi- 
tion. In particular, the superconducting transitions at 
Tc = 20.6 K {x = 0.05) and Tc = 26.8 K {x = 0.1), 
which are clearly visible in the resistivity, are not seen in 
a{T). Although our data in this temperature range are 
influenced by the small plateau of unknown origin, the 
existence of large anomalies at Tq appears unlikely given 
the close agreement of the curves for different F content. 
Regarding the T range above the structural transition 
of LaFeAsOi-ajFj;, Fig[3^ clearly reveals a significantly 
enhanced a for the magnetic samples compared to the su- 
perconducting ones. This difference cannot be explained 
by a simple change of the phonon spectrum upon F dop- 
ing due to the larger atomic mass of fluorine compared to 
oxygen, since the samples with x — 0.05 and 0.1 exhibit 
almost identical a{T) curves. Instead, the enhanced a 
for X < 0.04 suggests the presence of strong fluctuations 
preceding the structural transitions at Ts. 

Indications for fluctuations are also found in the elec- 
trical transport properties of LaFeAsOi-^^Fa,. Figure [4] 
shows the electrical resistivities p{T) for a; < 0.1 taken 
from Ref. [2^ . At room temperature all samples exhibit 
metal-like resistivities with a positive slope dp/dT. Upon 
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FIG. 3: (a) Enhanced view of the linear thermal expansion 
coefficient vs. temperature, a{T), of LaFeAsOi-ajFrc between 
80 K and 220 K. (b) Determination of the temperature Ta, 
below which the thermal expansion data point at the pres- 
ence of fluctuations. For this purpose, the data for a:: = 0.1 
have been subtracted and the curves shifted by multiples of 
10~^/K. Arrows with error bars mark Ta. 



cooling, the resistivities of the superconducting samples 
continue to decrease, except for an upturn just above 
the superconducting transition for x = 0.05, the origin 
of which is still not clear. Transitions to a supercon- 
ducting state are found at Tc = 20.6 K (a; = 0.05) and 
Tc = 26.8 K {x = 0.1). By contrast, the resistivities of 
LaFeAsOi_a;Fa; {x < 0.04) increase below approximately 
230 K and reach maxima at Tg. This negative tempera- 
ture dependence indicates enhanced scattering of charge 
carriers from fluctuations above Tg. Consistently, below 
the transition, p drops as the fluctuations die away. 

In Fig. O we plot the characteristic tempera- 
tures obtained from our thermal expansion measure- 
ments in the phase diagram of LaFcAsOi_a:Fa; estab- 
lished from magnetic susceptibility, /iSR and resistivity 
experiments^^— The values for Tg and Tn taken as 
the positions of the extrema in a{T) flt well into this 
phase diagram. In addition we plot the temperature Tfl, 
below which indications for fluctuations are found in the 
thermal expansion coefficent. For this purpose the data 
for X = 0.1 have been subtracted from a(T) for x < 0.05. 
The results are shown in Fig. [5Jd as Aa = a{x) — a(O.l) 
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FIG. 4: Temperature dependence of the resistivity, p, of 
LaFeAsOi_a;Fa;. The main plot shows the data for the mag- 
netic samples with a; < 0, while the superconducting samples 
(a; > 0.05) are shown in the inset. A dashed line to the eye 
highlights the regime with positive slope dp/dT for a; = 0. 



vs. T, whereas the curves have been shifted by multiples 
of 10~^/K. For X < 0.04, Tfl is determined as the temper- 
ature, below which Aa exhibits a negative slope. With 
increasing fluorine content, Tg is lowered. Extrapolat- 
ing Tfi{x) and Ts{x) linearly to higher x would suggest 
a vanishing of the fluctuation regime around x ~ 0.06. 
Nevertheless, already for the sample with x = 0.05 no 
indication of fluctuations is found in a{T). 



IV. DISCUSSION 

The linear thermal expansion coefficient turned out 
a very sensitive probe for the phase transitions in 
LaFeAs0i_2;Fa; (x < 0.04). Large positive and negative 
anomalies are found in a{T) at Tg and Tn, respectively. 
By contrast, the small changes of the unit-cell volume 
related to Ts and Tn cannot be resolved directly from 
XRD measurements. Nevertheless, the close agreement 
between the Vuc{T) curves for LaFeAsO determined from 
XRD and a{T) shown in the inset to Fig. [5^ confirms 
the reliability of our thermal expansion data. The size- 
able jumps in a at Tn refiect the strong coupling of the 
magnetic transition to the crystal lattice. The shape of 
the anomalies deviates from the one expected for second- 
order phase transitions, which is attributed to the close- 
ness of the transitions and a contribution from fluctua- 
tions above To,. So far, the origin of these fluctuations 
is unknown. A straightforward interpretation is to at- 
tribute them to a competing instability in vicinity to the 
actual ground state. One might speculate that this insta- 
bility is of magnetic origin as suggested in Ref. [U. Based 
on a Hartree-Fock approximation and a Landau theory, 
Lorenzana et al. find an orthomagnetic phase compet- 
ing to the modulated magnetic stripes which are expcr- 



FIG. 5: Phase diagram of LaFeAsOi-iF^r showing the change 
of the characteristic temperatures with F content x. The 
onset of superconductivity in the electrical resistivity at 
Tc,— and the temperatures of the orthorhombic distortion, 
Ts, and magnetic ordering, Tn, determined from magnetic 
susceptibility^^ and /iSR dataii^ are marked with open sym- 
bols. Closed symbols label the characteristic temperatures 
determined from thermal expansion measurements in this 
work. The striped region highlights the abrupt change from 
an orthorhombic/magnetic to a tetragonal/superconducting 
ground state. 



imentally observedi^ In this scenario, long range order 
of the competing, possibly magnetic phase is hindered 
by the orthorhombic distortion, whereas the increase of 
the corresponding anomalous positive contribution to the 
thermal expansion coefficient is truncated by the struc- 
tural transition at Tg. Another model that accounts 
for the anomalous thermal expansion coefficient above 
Tg comprises ferro-orbital ordering accompanied by a lat- 
tice distortion at In this picture, the enhanced a is 
suggested to arise from short-range orbital correlations 
above Ts . Interestingly, the experimentally observed on- 
set temperature of the short range order strongly depends 
on the F-content. As visible in Fig. [5{b), the fluctu- 
ation regime is much stronger suppressed for larger x 
than Tn and Tg. Further investigations are necessary to 
determine the exact nature of the fluctuations above Tg. 

In contrast to the structural and SDW transitions, 
the superconducting transitions of LaFeAsOi_a;Fa; with 
X = 0.05 and 0.1 are not seen in a{T). The expected 
magnitude of Aa can be estimated from Eq. [1] using lit- 
erature data. No anomaly was observed at Tc in the 
specific heat of LaFcAs0i_2:F2;i^ As a rough estimate 
we take the difference of the curves measured in T 
and 9 T on LaFeAsO0.9F0.1_5 of Acp/T « 5 mJ/mole 
K^. The derivative dTc/dp\p^o of LaFeAsOo.sgFo.ii was 
found to be of the order of 3 K/GPa.— Thus, the anomaly 
in a is estimated to Aa « 3 x 10~®/K. This value, 
which is too small to be resolved with our setup, is 
in line with the absence of large anomalies in a(T) at 
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Tq. However, it should be noted, that we measure a 
directional average of the coefficient of linear thermal 
expansion on our polycrystalline samples which is asso- 
ciated to the hydrostatic pressure dependence. An al- 
most complete cancellation of the contributions for dif- 
ferent crystallographic directions was observed on sin- 
gle crystals with the related ThCr2Si2 structure, namely 
Ba(Fco.88Coo.i2)2As2<^ Measurements on single crys- 
tals of LaFeAsOi_a;F3: are therefore necessary to decide, 
whether the small magnitude of Aa is due to a similar 
effect. 

The superconducting ground state in the x = 0.05 sam- 
ple is formed at the expense of an abrupt suppression of 
the structural and magnetic phase transitions observed 
in samples with x < 0.04. The change from the magnet- 
ically ordered to the superconducting ground state upon 
F doping has been proposed to be abrupt first-order- 
like J^— Our thermal expansion data clearly support this 
picture. While fluctuations give rise to an enhanced ther- 
mal expansion coefhcient over an extended T region for 
the sample with x = 0.04, no indication of fluctuations is 
found for x = 0.05. Instead, the thermal expansion co- 
efficient of this sample is almost identical to the one for 
X = 0.1, which lies well in the superconducting regime of 
the phase diagram. Moreover, the disappearance of the 
fluctuation regime around x = 0.045 cannot be explained 
by a smooth convergence of Tfl and Tg with increasing F 
content, as seen from the phase diagram Fig.[5lD. There- 
fore, our data corroborate a first-order-like scenario for 



the transition towards superconductivity upon doping. 



V. SUMMARY 

We performed measurements of the linear thermal ex- 
pansion coefficient of LaFeAsOi-ajF^: with a; < 0.1 in the 
temperature range between 5 K and 300 K. The struc- 
tural and SDW transitions of the compounds with low 
F content x < 0.04 give rise to large anomalies in a{T), 
whereas fluctuations are present also well above Tg. By 
contrast, the superconducting transitions of the samples 
with x > 0.05 are not observable. Moreover, no indi- 
cations for residual fluctuations in the superconducting 
samples arc found at elevated temperatures, not even at 
the lowest F content x = 0.05. This finding supports 
the idea of an abrupt first-order type transition between 
the magnetic and superconducting ground states upon 
fluorine substitution. 
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